The purpose of the study is to investigate fluidic behavior in curved microchannels under DC/AC electric field. By using a numerical solution, we discuss the axial velocity and the velocity distribution of AC and DC electric field. In different frequency AC electric field, a phase lag exists between axial velocity and the external applied electric field. Secondary flow is an interesting phenomenon under DC/AC electric filed. We initially discuss the secondary pattern in AC and DC electric field and then we discuss the flow pattern with different curvature effect under DC electricfield.
Introduction
The applications of electrokinetic flows for use in microfluidic devices have attracted considerable interest in recent years. Oddy et al. [1] proposed and experimentally demonstrated a series of schemes for enhanced species mixing in microfluidic devices using AC electric fields. Furthermore, Oddy and Santiago [2] developed a method for measuring the electrophoretic mobility of sub-micrometer, fluorescently labeled particles and the electroosmotic mobility of microchannels. Dutta and Beskok [3] reported that the instantaneous HelmholtzSmoluchowski velocity is an appropriate electroosmotic slip condition, even for highfrequency excitations. The velocity profiles for large κ values show inflection points located in close proximity to the walls with localized vorticity extrema which are stronger than those in the Stokes layers. Yang et al. [4] discussed an analysis of the dynamic aspects of electroosmotics in rectangular microchannels and obtained an analytical solution for the electrical potential distribution by solving the linearized Poisson-Boltzmann equation. Moreover, the dynamic electroosmotic flow field driven by an alternating electric field was solved analytically using the Green's function method ( [4] , [5] , and [6] ). Over the years, significant attention has been paid to liquid flow in straight microchannels due to the rapid development of microfluidic devices and system. There are not many studies reported on the fluid in a curved microchannel. In the references [7] , [8] , [9] , [10] , and [11] , they discussed the fluid behavior in curved microchannels using pressure driving force. But, there are still very few discussion of the fluid behavior in curved microchannels using electric field driving force.
In this study, we discuss the fluidic behavior in curved microchannels driven by DC/AC electric field. We present the transient response of the induced electroosmotic flow driven by a suddenly applied electric field. To obtain precise species measurements and enhance the operational efficiency of the system, both the amplitude and the time duration of the transient response must be maintained within tolerable or prescribed limits. However, secondary flow is a characteristic phenomenon in curved channels. Although many studies have been published about the phenomenon in classical fluid mechanics, we'll discuss the behavior of secondary flow in curved microchannels under DC/AC electric field in this study. This study considers a rectangular curved microchannel of height and width equal to 30 µm. The microchannel is filled with an electrolyte fluid which is assumed to be incompressible Newtonian in nature and to have a uniform dielectric constant ε and viscosity μ. It is further assumed that this fluid is in a stationary state initially. A fully developed flow field is then established in which the flow is driven by an applied DC/AC electric field. The model is described the fluid in a microchannel by the Poisson-Boltzmann equation and the Navier-Stokes equation, comprising the body force terms from the Guoy-Chapman model [12] . In applying this model, it is convenient to transform the toroidal coordinate system (R,Y,θ) to the related coordinate system (X,Y, Z), where X = R − C, dZ = C dθ, and C is the radius of curvature, as shown in Fig. 1 . When the liquid in the microchannel comes into contact with the solid wall, an interfacial charge is induced. This charge causes the free ions in the liquid to rearrange to form a thin region with nonzero net charge density. This region is commonly referred to as the electrical double layer (EDL). According to electrostatics theory [12] , the potential, Ψ , is governed by the Poisson equation, i.e. Under conditions of thermodynamic equilibrium, the EDL potential distribution, ψ , is described by Eq.(2a) and the external applied potential, φ , is described by Eq.(2b). In the toroidal coordinate, Eq.(2) is described as :
Formulations
In the toroidal coordinate, the liquid flow induced by electroosmosis is governed by the general incompressible equations of motion, i.e. where ρ is the fluid density, p is the static pressure, and µ is the fluid viscosity. If the gravity effect is neglected, the body force, F v , occurs only as a result of the action of the applied electric field on the free ions within the EDL. This body force induces a bulk fluid motion which is generally referred to as electroosmotic flow. The present numerical approach employs the backward-Euler timestepping method to identify the evolutions of a flow driven by an applied AC electric field. The computational domain is discretized into 121× 121 non-uniform spaced grid points in both the X-and Y-directions. The calculated solutions are carefully validated to ensure that they are independent of the computational grid points and time step. A detailed discussion of this algorithm has been reported by Yang and Luo [13] .
Results and Discussion
When the DC electric field is applied, the axial velocity of the curved microchannel is presented in Fig. 2a . The axial velocity is stable after dimensionless time t*=1.0. When the AC electric field is applied, the flow evolves through a transient response before performing stable periodic oscillations. The properties of the transient response are strongly dependent on the frequency of the applied electric field. The velocity responses induced by low and high frequencies in the center of the curved microchannel are illustrated in Fig. 2b and 2c . Taking the low frequency case shown in Fig. 2b , when the AC electric field is suddenly applied, the fluid near the walls of the microchannel is driven immediately into motion. Through the effects of momentum diffusion, the flow in the center of the microchannel is gradually dragged into motion in the positive axial direction. When the direction of the applied AC electric field reverses, the velocity response in the center of the microchannel oscillates during a period of transient response and then settles and performs periodic oscillations with an identical amplitude and frequency as the driving voltage. For the flow induced by an applied AC electric field with a high frequency, the velocity in the center of the microchannel initially accelerates to a maximum value and then remains virtually stationary after a period of transient response, as shown in Fig. 2c . Initially, the electrolyte solution in the microchannel is stationary. When a DC electric field is applied, the velocity distributions along the Y-coordinate in the center of the microchannel is presented in Fig. 3a. . Because of the large ratio of C/A=50, the velocity profile in the curved microchannel is similar to the profile in a straight microchannel. When a sinusoidal electric field is applied, the fluid near the walls is driven into motion in the positive axial direction when the direction of the electric field is positive. However, when the direction of the electric field reverses to a negative direction, the fluid near the walls changes its direction of motion immediately and begins to travel in the negative direction. Initially, the flow in the center of the microchannel continues to travel in the positive direction. However, through the effects of momentum diffusion, the flow traveling in the negative direction causes the velocity of the flow in the center of the microchannel to gradually reduce in the positive direction and then to become negative. From the preceding discussion, it is clear that a certain period of time is required for the momentum in the negative direction to diffuse fully to the center of the microchannel. Hence, the flow in the center of the microchannel continues to accelerate in the positive direction until the negative momentum diffusion reaches the center of the microchannel. Figs. 3b and 3c illustrate the velocity distributions along the Y-coordinate in the center of the microchannel during the half periods of two electric fields. In Fig. 3b , a certain period of time is required for the momentum to diffuse from the walls to the center of the microchannel. Therefore, the phase of the flow velocity in the center lags that of the flow near the walls and demonstrates a periodic oscillation after a settling time. In Fig. 3c , the frequency and amplitude of the applied electric field are 30 kHz and 450 V/cm respectively. At this higher frequency, the period of the applied electric field is much shorter than the time required for the momentum to diffuse from the walls to the center of the microchannel. Hence, during one period of the electric field, the momentum can only diffuse a finite distance from the walls. Therefore, the flow near the center of the microchannel remains virtually stationary. The relationship between frequency and the velocity profile is very similar to the Stoke's second problem in classical fluid Since a finite time is required for the momentum to diffuse from the microchannel walls to the center of the microchannel, the phase of the velocity response in the center lags that of the applied electric field. Fig. 4a shows the case where the flow is induced by an applied sinusoidal electric field with a frequency of 1 kHz and amplitude of 450 V/cm. The phase of the flow velocity response lags behind that of the electric field by approximately 90 degrees. As the frequency of the applied electric field increases, its period decreases. However, the time required for the momentum to diffuse to the center of the microchannel remains constant. Hence, as shown in Fig. 4b , the phase shift of the flow velocity response relative to the electric field increases as the frequency of the applied electric field is increased. When the applied AC electric field is activated, a small vortex appears in each corner of the microchannel. The upper and lower corner vortices gradually grow in size and strength and finally merge to form a single vortex, which compresses the original circulation in the upper and lower regions of the transverse section. Fig.  5c presents the streamline contours for the half period of applied sinusoidal electric fields with frequencies of 1.0 kHz. In this case, the momentum effect generated as a result of electroosmosis near the walls has sufficient time to propagate to the fluid in the center of the microchannel. During one half period of the AC electric field, the transient secondary flow completes a full evolution cycle. In other words, the flow field at t* = 2.70 reverts to the original streamline contour distribution observed at t* = 2.20. As the frequency of the sinusoidal electric field is increased, the period of the AC electric field becomes shorter than the time required for the momentum to diffuse to the center of the microchannel. During one period of the sinusoidal electric field, the momentum resulting from electroosmosis near the walls has an effect only on a finite region near the corners. When the frequency of the AC electric field is increased to 3.0 kHz, the induced vortices near the corners are very weak and are not strong enough or large enough to compress the original circulations. These vortices appear shortly in time. When the applied frequency exceeds 3.0 kHz, no vortices are induced in the corners of the microchannel. Therefore, it can be concluded that the secondary flow induced when an electric field of a higher frequency is applied has virtually no effect on the axial flow field in the microchannel. 
Conclusion
The performance of the flow in curved microchannels has been described by plotting the output velocity response. The behavior of the transient velocity response under DC/AC electric field has been presented. As the frequency of the AC electric field is varied, the velocity bandwidth and the peak of the periodic oscillations varied like Stoke's second problem in classical fluid mechanics. However, the above situation has little difference near the wall of the curved microchannel. A detail discussion is presented in reference [3] . The secondary flow evolutions indicate the periodic growth and decay of vortices in the transverse section for driving fields of low frequency in the AC electric field. A further study of the role of the microchannel curvature is currently under way. However, as the frequency of the applied electric field is progressively increased, the induced vortices become increasingly weaker until a point is reached at which they are no longer formed. We hope that these results about the fluidic behavior in a curved microchannel provide valuable information for biochip design.
